Abstract Progressive human immunodeficiency viral (HIV) infection commonly leads to a constellation of cognitive, motor, and behavioral impairments. These are collectively termed HIV-associated neurocognitive disorders (HAND). While antiretroviral therapy (ART) reduces HAND severity, it does not affect disease prevalence. Despite decades of research, there remain no biomarkers for HAND and all potential comorbid conditions must first be excluded for a diagnosis to be made. To this end, we now report that manganese (Mn 2+ )-enhanced magnetic resonance imaging (MEMRI) can reflect brain region-specific HIV-1-induced neuropathology in chronically virus-infected NOD/scid-IL-2Rγc null humanized mice. MEMRI diagnostics mirrors the abilities of Mn 2+ to enter and accumulate in affected neurons during disease. T 1 relaxivity and its weighted signal intensity are proportional to Mn 2+ activities in neurons. In 16-week virus-infected humanized mice, altered MEMRI signal enhancement was easily observed in affected brain regions. These included, but were not limited to, the hippocampus, amygdala, thalamus, globus pallidus, caudoputamen, substantia nigra, and cerebellum. MEMRI signal was coordinated with levels of HIV-1 infection, neuroinflammation (astro-and micro-gliosis), and neuronal injury. MEMRI accurately demonstrates the complexities of HIV-1-associated neuropathology in rodents that reflects, in measure, the clinical manifestations of neuroAIDS as it is seen in a human host.
Introduction
HIV-1-associated neurocognitive disorders (HAND) is a clinical disorder that reflects the cognitive, behavioral, and motor dysfunctions associated with progressive viral infection [1] . HAND reflects a spectrum of clinical abnormalities that include asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder (MND), and HIV-associated dementia (HAD) [2] . Although antiretroviral therapy (ART) has significantly decreased the HAD incidence and prevalence, ANI and MND are seen in half of infected patients [3] and as such continues to be a significant quality of life complication of HIV/AIDS [4, 5] . Despite advances in the understanding HIV neuropathobiology, disease diagnosis is made by exclusion of comorbid conditions such as drug abuse, neurodegenerative and psychiatric disorders, opportunistic infections, and malignancies [6] . Moreover, levels of viral replication and cognitive impairment are not always linked nor do they provide clear relationships between neuropathology and cognitive function [4] . It is possible that diagnostic clarity could be provided through imaging biomarkers.
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In attempts to detail HIV-associated neuropathology, our laboratories pioneered the development of murine models of virus-associated brain disease [7] . Specifically, we show that humanized mice reconstituted with CD34+ human hematopoietic stem cells reflect the consequences of viral infection and consequent immune deterioration in its human host [8] [9] [10] [11] . In this model, human progenitor cells are transplanted into genetically modified immunodeficient NOD/scid-IL2Rγc null (NSG) mice [12] . Such mice support persistent HIV-1 infection leading to behavioral and motor impairments paralleling neuronal and glial responses [13] . Our recent works demonstrated that brain imaging such as proton magnetic resonance spectroscopy ( 1 H MRS) and diffusion tensor imaging (DTI) can uncover the neuropathological consequences of chronic HIV-1 infection in these mice [8, 13] .
A significant advantage for manganese-enhanced magnetic resonance imaging (MEMRI) over other magnetic resonance imaging (MRI) modalities rests in the ability to directly map voltage-gated calcium channel activity through manganese ions (Mn 2+ ) neuronal accumulation. As Mn 2+ is a calcium (Ca 2+ ) analogue, it can enter neurons by voltage-gated Ca 2+ channels [14] and can be moved anterograde by axonal transport and microtubule assembly [15, 16] . Mn 2+ is an excellent T 1 shortening contrast agent affording relatively high spatial resolution and signal-to-noise ratio within reasonable scanning time [17, 18] . Administration of Mn 2+ generates enhanced signal intensity on T 1 -wt images. The signal enhancement is associated with neuronal activities. MEMRI can assess neuronal well-being for anatomical, integrative, functional, and axonal transport activities of nerve cells and their connections [14, 19] . Herein, we demonstrate that MEMRI facilitates precise noninvasive high spatial resolution (100 μm 
Materials and Methods

Murine neuroAIDS Model
NOD/scid-IL-2Rγc null (NSG) mice were bred under specific pathogen-free conditions in accordance with the ethical guidelines at the University of Nebraska Medical center (UNMC), Omaha, NE. Human cord blood obtained with parental written informed consent from healthy full-term newborns (Department of Gynecology and Obstetrics, UNMC) was utilized for CD34+ cell isolation using immune-magnetic beads according to the manufacturer's instructions (CD34+ selection kit; Miltenyi Biotec Inc., Auburn, CA). Numbers and purity of human CD34+ cells were evaluated by fluorescenceactivated cell sorting (FACS). Cells were either frozen or immediately transplanted into newborn mice at 10 5 /mouse intrahepatically (i.h.) in 20 μl phosphate-buffered saline (PBS) using a 30-gauge needle. Newborn mice received human cells from single donors. On the day of birth, newborn mice were irradiated at 1 Gy using a C9 cobalt 60 source (Picker Corporation, Cleveland, OH). Starting from 22 weeks after reconstitution, HIV-1 virus was intraperitoneally (i.p.) injected at 10 4 TCID 50 into mice. Humanized mice without infection served as controls. Number of human cells and the level of engraftment were analyzed by flow cytometry. In the study, all protocols related to animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC), UNMC University and met the requirements of the UNMC University ethical guidelines, which are set forth by the National Institutes of Health.
Viral Load
The automated COBAS Amplicor System V1.5 (Roche Molecular Diagnostics, Basel, Switzerland) was used to measure the peripheral level of viral RNA copies/ml. Mouse plasma (20 μl) was used to dilute with 480 μl of sterile normal human plasma for the assay. The baseline detection of assay after dilution is 1250 viral RNA copies/ml.
Flow Cytometry
Peripheral blood leukocytes, spleen, and bone marrow cell suspensions were examined for anti-human CD45, CD3, CD4, and CD8 markers. Flow cytometry for peripheral blood leukocytes was done every other week from the point of infection. At the end of study, flow cytometry was done for spleen and bone marrow as well. Mouse peripheral blood samples were collected from submandibular vein (cheek bleed) by using lancets (MEDIpoint, Inc., Mineola, NY) in EDTA-coated tubes. Antibodies and isotype controls (BD Phar-Mingen, San Diego, CA) were used to stain cells. Staining was analyzed by using FACSDiva (BD Immunocytometry Systems, Mountain View, CA). Percentages of total number of gated lymphocytes were expressed as results.
Immunohistology
At 16 weeks, mice were euthanized immediately after imaging and brains were collected. Brain tissues were fixed in 4 % paraformaldehyde overnight and embedded in paraffin. Five-micrometer-thick brain tissue sections were labeled with mouse monoclonal antibodies for HLA-DQ/DP/DR (1:100, Dako, Carpinteria, CA), HIV-1 p24 (1:10, Dako), c-Fos (1:50, Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit polyclonal antibodies for glial fibrillary acidic protein (GFAP) (1:1000, Dako), ionized calcium-binding adaptor molecule 1 (Iba-1) (1:500; Wako Chemicals, Richmond, VA), and caspase-3 (1:10, EMD Millipore, Billerica, MA). The polymer-based HRP-conjugated anti-mouse and anti-rabbit Dako EnVision systems were used as secondary detection reagents, and 3,3′-diaminbenzidine (DAB, Dako) was used as a chromogen. All paraffin-embedded sections were counterstained with Mayer's hematoxylin. Deletion of primary antibodies served as controls. Images were captured with a ×100, ×40, and ×20 objectives using Nuance EX multispectral imaging system fixed to a Nikon Eclipse E800 (Nikon Instruments, Melville, NY).
For immunofluorescence labeling, brain sections were treated with the paired combination of primary antibodies mouse anti-synaptophysin (SYN) (1:1000, EMD Millipore), and rabbit anti-microtubule-associated protein 2 (MAP2) (1:500, EMD Millipore), mouse anti-neurofilament (NFs) (1:200, Dako), and rabbit anti-GFAP (1:1000, Dako); additionally, brain sections were treated alone with rabbit antiIba-1 (1:500). Primary antibodies were labeled with secondary anti-mouse and anti-rabbit antibodies conjugated to the fluorescent probes Alexa Fluor 488 and Alexa Fluor 594, and nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI). Slides were coverslipped with ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA). Slides were stored at −20°C after drying for 24 h at room temperature. Images were captured at wavelengths encompassing the emission spectra of the probes, with a ×40 objective by Nuance EX multispectral imaging system fixed to a Nikon Eclipse E800, and image analysis software (Caliper Life sciences, Inc., a Perkin Elmer Company, Hopkinton, MA) was used for quantification of SYN, MAP2, NF, and GFAP expression. Areaweighted average fluorescence intensity was calculated in the region of interest (ROI) by dividing the total signal intensity, for each partitioned area, by area (μm 2 ) as intensity/μm 2 . Images were also captured with LSM 710 microscope using a ×40 oil lens (Carl Zeiss Microscopy, LLC, NY, USA). Expression of cFos was scored (out of 10) by two investigators using ×20 objective in blinded manner. Findings were compared to animals that were not manipulated (score 0). Student's t tests were performed to compare immunohistological results of the HIV-1-infected animals with controls.
MEMRI
MnCl 2 ·4H 2 O (Sigma-Aldrich, St Louis, MO) was added to 0.9 % w/v NaCl (Hospira, Lake Forest, IL) to make 50-mM MnCl 2 solution. MnCl 2 solution was administrated i.p. with the dose of 60 mg/kg consecutively four times at 24-h intervals before MRI. After the injection, the mouse was observed daily to detect the side effects of MnCl 2 .
MRI data were acquired 24 h after the last MnCl 2 administration on Bruker Bioscan 7 Tesla/21 cm small animal scanner (Bruker, Billerica, MA) operating Paravision 5.1 with a 72-mm volume resonator and a four-channel phased array coil. Mice were anesthetized by inhalation of isoflurane in 100 % oxygen and maintained 40-80 breaths/min. Mice were scanned using T 1 mapping sequence (fast spin echo with variable repetition time (TR) from 0.4 to 10 s, 12 slices, slice thickness=0.5 mm, in-plane resolution=0.1×0.1 mm 2 ) and T 1 -wt MRI (FLASH, TR=20 ms, flip angle=20°, 3D isotropic resolution=0.1×0.1×0.1 mm 3 ). After MRI, the mice were euthanized and tissues were removed for immunohistological study. The same scan was also performed before the MnCl 2 administration, and the acquired image was used as baseline data for the calculation of signal enhancement.
MRI Data Preprocessing
To reduce the influence of the inhomogeneous signal reception on the T 1 -wt images by the phased array surface coil, N3 field inhomogeneity correction [20] was first performed on each image using MIPAV (CIT, NIH). The brain volumes in the T 1 -wt images were extracted using an in-house Matlab program [21] based on the level sets method. The brain images were then registered to a MEMRI-based NSG mouse brain atlas developed in our laboratories using affine transformation first, and then nonlinear transformation (DiffeoMap, John Hopkins University, Baltimore, MD).
To calculate Mn 2+ induced T 1 -wt signal enhancement, the MRI system variations between the baselines and post-MnCl 2 injection scans need to be minimized. This is achieved by calibrating the baseline and post Mn 2+ injection T 1 -wt images using T 1 values. A detailed description of the MEMRI enhancement calculation and T 1 -wt image calibration are included in the Online Resource 1. The T 1 maps were first generated using an in-house Interactive Data Language (IDL) version 8.2 (Exelis Visual Information Solutions, Boulder, CO) program from the data acquired by T 1 mapping sequence. ROIs were then placed on relatively uniform tissue regions including frontal cortex and caudate on T 1 maps and T 1 -wt images. The baseline and post-Mn 2+ injection longitudinal relaxivity (R 1bl ROI and R 1Mn ROI ) and T 1 -wt signal intensity (S bl ROI and S Mn ROI ) in the ROIs were measured. The calibration factor was calculated as C =(S Mn ROI /S bl ROI )×(R1 bl ROI /R1 Mn ROI ). The baseline T 1 -wt image (S bl ) was then calibrated using the calibration factor C: S bl C =S bl ×C.
MEMRI Enhancement Analysis
The Mn
2+
-induced T 1 -wt signal enhancement was calculated by the following:
A pixel-by-pixel comparison was first performed between the HIV-1-infected mice and the control group using Student's t test, followed by a brain region-specific analysis. Using the MEMRI-based brain atlas, the T 1 -wt signal enhancement on 41 brain regions/subregions was calculated. The Student's t test was performed to examine the significance of enhancement change in each HIV-1-infected brain region compared to the control group.
The association between MRI signal changes, plasma viral load, T cells, and immunohistological results in HIV mice was examined using Pearson product-moment correlation. The association between enhancement and quantified GFAP, Iba-1, MAP2, NF, and SYN staining was studied on the CA1, CA3, and DG brain regions. Time course of infection that included measures of the plasma viral load at the time of animal sacrifice (16 WPI), its rate of change (slope) over time, and change in maximum and end time viral levels were measured. These parameters tested over time were correlated with MRI signal enhancements. The T cell parameters that were measured over time included blood, spleen, and bone marrow CD4-and CD8-positive T cell numbers.
Brain Structure Volumetric Analysis
In the MRI data preprocessing, the brain images were registered to the MEMRI-based brain atlas. The 41 brain regions were identified on each brain image. The brain images were transferred back to their original spaces employing the inverse of the transformation matrices calculated for registration. The volumes of the regions were calculated in the original spaces. Student's t tests were performed to compare the volumes of the HIV-1-infected animals with controls.
Detection of Mn 2+ Toxicity
Animals were observed daily after each i.p. MnCl 2 injection and 24 h after the injection. If tremor or convulsion (the signs of manganese overdose) persisted longer than 3 min or lethargy observed at 24 h, mice were euthanized.
Results
HIV-1 Infection of Humanized Mice
Humanized mice (n=8) were infected with the HIV-1 ADA at 22 weeks of age (Fig. 1a ). Viral and immune parameters were assessed then compared against controls (uninfected humanized mice, n=7). Flow cytometry was performed at 2, 4, 7, 10, 13, and 16 weeks postinfection (WPI) to determine reconstitution of peripheral human immune cells (CD45, CD3, CD4, CD8). The temporal changes of CD4+ and CD8+ T cells in infected humanized mice are shown in Fig. 1b . The steady CD4+ T cells decline and concomitant increases in CD8+ T cells were readily seen in HIV-1-infected mice. Control uninfected animals showed no changes in T cell numbers throughout the study period (Fig. 1b) . Plasma viral RNA copies/ml (viral load (VL)) measures were performed at 2, 7, and 16 WPI (Fig. 1c) . These VL values peaked at the second week after HIV-1 infection and were sustained throughout the experimental observation period.
Leukocyte Brain Infiltration
Brain infiltration of human cells including those HIV-1 infected were assessed by immunohistochemical assays. At 16 WPI, brain sections at 5-μm thickness were stained for human HLA-DR and HIV-1p24. Human HLA-DR+ cells infiltrated the brains of infected and control mice were seen in the meninges and perivascular spaces (Fig. 1d) . Few HIV-1p24+ human cells were observed in these regions of infected mice (Fig. 1e) . Glial responses were assessed by glial fibrillary acidic protein (GFAP, astrocyte) and ionized calciumbinding adaptor molecule 1 (Iba-1, microglia) staining. Cortical areas with hypertrophic astrocytes and morphological features of activated microglia were readily observed (Fig. 1f) . Such activated glial morphologies were not seen in control animals.
MEMRI
To track neuropathology induced by continuous HIV-1 infection, MEMRI was performed at 16 WPI (Fig. 1a) . The averaged MEMRI image of the control mice is shown on coronal brain slices as an anatomical reference in the left column of Fig. 2a . Positions of the coronal slices are depicted using a sagittal slice (top of the left column). Standard tissue signal enhancement induced by Mn 2+ was readily seen within the olfactory bulb, cerebral cortex, hippocampus, and cerebellum [19] . The color-coded average enhancement maps of the control and HIV-1 infected mouse brains are illustrated in the second and third columns of Fig. 2a , respectively. The enhancement represented the signal change induced by Mn 2+ normalized to the MRI signal of pre-Mn 2+ administration. MEMRI enhancement changes were observed throughout the brain in HIV-1-infected animals compared to controls (Fig. 2a) . Statistically significant increases in the MEMRI enhancement are shown by pixels with p<0.05 (the first column in Fig. 2b ). These p values are color-coded and overlaid on the averaged MEMRI slices. Using the MEMRI-based mouse brain atlas, 41 brain regions/subregions were identified for each humanized mouse. A video demonstrating the brain atlas in three-dimensional space is included in Online Resource 2, and a list of regions on the brain atlas can be found in Online Resource 3. The MEMRI enhancement was compared between each brain region of control and HIV-1-infected mouse. The regions with p values less than 0.05 from such comparisons are shown in the second column in Fig. 2b and illustrated with identical color-coding as in the first column. The brain regions with significantly increased signal enhancement (p < 0.05) are also included within Table 1 . Three-dimensional images of brain regions with significant enhancement increase are illustrated in Fig. 2c . Morphological and volumetric changes were assessed in virus-infected animals by the MEMRI mouse brain atlas. Whole brain and regional volumes in the HIV-1-infected mice were comparable to control animals (data not shown). The toxicity of Mn 2+ was considered. Mice were observed daily after i.p. MnCl 2 injections. This included chemical injection linked tremor and lethargy, the clinical signs of Mn 2+ overdose. No Mn 2+ -induced toxic signs and symptoms were observed during the study.
Immunohistology
Immunohistochemistry was subsequently performed on CA1, CA3, and the dentate gyrus (DG) regions of the hippocampus at study termination, 16 WPI (Fig. 1a) . Brain sections were stained for GFAP, Iba-1, cFos (neuronal activation), synaptophysin (SYN, synaptic vesicle protein), and neurofilament (NF, neuronal cytoskeleton protein). Fluorescence intensity for these antigens was expressed as intensity/ μm 2 . Activated morphologies were observed as defined by increased cell body size and process formations for both astrocytes and microglia in virus-infected animals (Fig. 3a, b) . The presence of activated astrocytes and microglia are known to be linked to virus-induced inflammation [22, 23] . Neuronal activation (cFos expression) was substantially higher in brain regions with gliosis and specifically in the hippocampus; indicating increased neuronal excitation during inflammation (Fig. 3c) . Irregularly shaped and decreased SYN expression was seen in the CA3 region of infected animals and reflected synaptic injury (Fig. 3d) . Reduction in NF fibers was also observed at CA3 region in infected animals (Fig. 3e) . NF and SYN expression demonstrates neuronal injury after glial inflammation. Colocalized MEMRI enhancement in infected animals was compared to controls and confirmed the sensitivity of the MEMRI in reflecting glial and neuronal histochemical and morphological changes (Fig. 3f) . Quantitative immunohistochemistry was used to compare neuropathology between control and HIV-1-infected mice and its association with MEMRI regional enhancements. In CA1 region, GFAP and Iba-1 expression were significantly higher in infected animals than controls (GFAP, p=0.041; Iba-1, p= 0.018), whereas SYN and NF expression were not different Table 1 among the groups (Fig. 4a) . Gliosis with no evidence of neuronal injury in CA1 paralleled significant MEMRI signal enhancement increase in infected animals compared to controls (p=0.047) (Fig. 4a) . In the CA3 region, GFAP expression was higher (p=0.038) and SYN and NF expression was lower (SYN, p=0.027; NF, p=0.005), whereas Iba-1 signals were not changed by viral infection (Fig. 4b) . With a combination of astrocyte responses and neuronal injury, MEMRI signal remained similar between infected and control animals (Fig. 4b) . GFAP expression was higher (GFAP, p=0.042) and Iba-1 increased but not significantly (Iba-1, p=0.083) in the DG region of infected animals, whereas SYN and NF signals were not changed (Fig. 4c) . MEMRI enhancement in this region was increased in infected animals (p=0.045) (Fig. 4c) . The quantitative analyses taken together demonstrate that activated glia and neurons (increased cFos staining) during inflammation induced the increase in MEMRI signal in the CA1 and DG brain regions. However, the enhancement increase was offset by neuronal injury (reduced SYN and NF) in the CA3 brain region. Microtubule-associated protein (MAP2) staining was not changed in the infected animals. Evidence for neuronal apoptosis determined by anti-caspase-3 staining was not observed in infected mice (data not shown).
We next investigated if glial activation and MEMRI signal enhancements were correlated one with the other. In the CA1 and DG, correlations between GFAP expression and MEMRI signal increase were seen (CA1, r=0.86, p=0.007; DG, r= 0.92, p=0.001). Linkages between gliosis and MEMRI enhancement demonstrated that Mn 2+ uptake and accumulation increases in neurons affected by inflammation. This was associated with astrocyte responses and the MEMRI signals [24] . Next, we measured relationships between the degree of brain injuries and VL in blood. The average brain MEMRI enhancement alteration was linked, in measure, to the peripheral VL difference of at 16 weeks and maximum values (defined as viral load dynamics; r=0.714, p=0.071). This result suggested that the greater the viral load drop during the course of infection, the smaller the MEMRI enhancement change. MEMRI enhancement was not affected by numbers of CD4+ and CD8+ T cells (data not shown).
Discussion
Humanized mouse model (NSG/CD34+) of HIV/AIDS can, in part, mirror human HIV-1-associated neuropathology [8, 9, 13] and was used successfully to test ART efficacy [25] . Peripheral VL and human CD4+ T cell decline are hallmarks of HIV-1 infection in humans which are reflected in these humanized mice. Moreover, a metabolic encephalopathy caused by viral infection resulting in micro-and astro-gliosis, myelin pallor, excitotoxicity, and neuronal injury is also seen in both humans and infected mice [8, 9, 13, 22] . Such spectrums of pathologies make the humanized mice a relevant model for study. In the present study, altered MEMRI brain signal is seen in HIV-1-infected mice that serve to assess the complexities of neuropathology that underlie HAND's clinical manifestations. Although MEMRI was used previously to study a range of neurodegenerative disease models [26] [27] [28] [29] [30] , this is the first report of its use to study effect of HIV-1 on humanized mice brain function and anatomy with improved analytical method.
MEMRI enhancement for HIV-1 infection is linked to reactive astrocytes and activated neurons. The cellular basis of the enhancement change was investigated in a previous study and interpreted as elevated neuronal Mn 2+ uptake and accumulation stimulated by astrocyte activation [24] . The associations between MEMRI signal with reactive astrocytes and neuronal responses were previously observed [24, 29, 39] . We previously showed that activated glia do not accumulate excessive Mn 2+ but stimulate neuronal Mn 2+ uptake [24] . Thus, MEMRI can be used to monitor virus-associated neuronal excitotoxicity that occurs as a consequence of neuroinflammation. In the CA3 region, both inflammation and CA1_CA2_SUB field CA1+field CA2+subiculum of hippocampus formation, DG-mo dentate gyrus_molecular layer, CP caudoputamen, AMY amygdala, GP globus pallidus, PALc pallidum caudal region, TH thalamus, EPI epithalamus, P pons, PAG periaqueductal gray, IC inferior colliculus, SN substantia nigra, RMB rest of midbrain, PRT pretectal region, MOBgl main olfactory bulb glomerular layer, AOB accessory olfactory bulb, PIR olfactory piriform area, AON anterior olfactory nucleus, CBXmo cerebellar cortex molecular layer, cc corpus callosum p<0.05) (t test) neuronal injury (synaptic and axonal injury) were operative in the infected animals. This is consistent with the fact that neuronal damage caused by HIV-1 infection begins with synaptic damage, compromised dendrite arbor, then neuronal death occurs as a consequence of persistent infection and immune deterioration [31] . Interestingly, in CA3 region, we did not observed MEMRI signal increase as in CA1 and DG. Indeed, damaged neurons likely influence reduction in neuronal Mn 2+ accumulation. The voxel size of MEMRI was 100 μm
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, which contains a large number of cells. The MEMRI enhancement of each voxel resulted from the combining effects of activated and injured neurons. Simply, the MEMRI signal enhancement induced by activated neurons was likely offset by signal decrease in injured cells. Increasing spatial resolution can partially solve the problem as excited and injured neurons may be differentiated. Additionally, performing MEMRI and immunohistological analysis at multiple time points after the infection may also establish accurate associations between signal enhancements and neuronal injury.
The cellular mechanism underlying MEMRI enhancement is summarized in Fig. 5 . Humanized mice permanently carry human blood cells, and these populate brain primarily at meninges and perivascular spaces. After HIV-1 infection, infected human monocyte-macrophages carry HIV-1 into the brain and release pro-inflammatory cytokines, chemokines, and viral proteins. This leads to activation of murine glia followed by neuronal excitotoxicity and injury, which in turn reflects the brain injuries seen as a consequence of chronic HIV-1 infection. Systemically administrated Mn 2+ enters the brain through choroid plexus. As a Ca 2+ analog, it enters neurons through voltage-gated Ca 2+ channels and is transported anterogradely by microtubule assembly. Once Mn 2+ is released, it is taken up by postsynaptic neurons. Reactive astrocytes that arise as a consequence of HIV-1-induced neuroinflammation first cause elevated neuronal Mn 2+ uptake resulting in increased MEMRI signal enhancement. Neuroinflammation then results in neuronal injury with consequent suppressed MEMRI signal.
In our parallel works, behavioral tests were used to show memory loss and cognitive dysfunction in these infected mice [13] . As the hippocampus plays an important role in memory and cognition, the glial activation and neuronal injury in this brain region detected in this study may contribute to such behavioral abnormalities. Aside from the hippocampus, the brain regions that show MEMRI signal enhancement following HIV-1 infection include subregions of the olfactory system, subcortical, brain stem, and cerebellar regions. These findings suggest that infected mice can suffer motor and autonomic nervous system dysfunction because of cerebellar and brain stem damage. As different parts of the brain have variable vulnerabilities to HIV-1 infection [32, 33] , the current study provides a unique opportunity for unbiased mapping of region-specific neuropathology.
The MEMRI results are supported by the DTI measures in our parallel study [13] . This study showed altered DTI parameters on hippocampal regions in HIV-infected humanized mice and association between the DTI parameters and quantitative histology. In infected human and nonhuman primates, abnormal DTI were found in the frontal and parietal white matter, putamen, and corpus callosum, indicating neuroinflammation and axonal/myelin injury [34, 35] . In parallel, inflammation metabolic abnormalities were detected by MRS in the basal ganglia, cerebrum, caudate, thalamus, and hippocampus [34] [35] [36] . We acknowledge that a direct comparison of the brain imaging findings in humans and nonhuman primates with mice is difficult due to differences in anatomy, physiology, and neurochemistry. Our results are consistent with these human and nonhuman primate studies.
It is likely that abnormalities seen in these animals were not primarily a result of active viral replication in nervous system, but largely a consequence of replication in blood and peripheral lymphoid organs. Until now, studies have shown that peripheral blood nadir CD4+ T cells count and viral DNA are systemic predictors of HIV-1-induced neurocognitive disorders [3, 37, 38] . However, we did see a trend toward correlation between MEMRI signal enhancement alteration and a plasma viral load measure, which is the difference between the maximum value and at 16 WPI. A parallel study found that viral levels correlated with cortical lactate [13] . The same study also found the correlation or the trend of correlation between cortical and dentate gyrus DTI parameters and viral load. Their study along with ours suggested that peripheral viral load might be associated with the neuropathology reflected by imaging in HIV-1-infected humanized mice. Such a sensitivity of the brain to peripheral events in these animals indicates a dynamic pathogenic process, where HIV-1-infected blood cells enter into the brain and cause disease [39] .
We now demonstrate that MEMRI is a sensitive biomarker of HIV-1-induced neuropathology. However, when inflammation and neuronal impairment occur simultaneously, both increase and decrease in MEMRI signal can be observed. In order to improve the specificity of imaging on neuropathology, it is reasonable to combine MEMRI with other imaging modalities. For example, another study showed that the cerebral cortex is a primary region of damage in infected mice as demonstrated by MRS and DTI [13] . Combining MEMRI with MRS and DTI can positively determine neuroinflammation (increased MEMRI enhancement and increase in myoinositol) and may help to detect neuronal impairment (reduced MEMRI enhancement, loss of N-acetylaspartate and creatine, reduced diffusivity, and fractional anisotropy). This package of imaging modalities will greatly enhance our ability for noninvasive assessment of HIV-1-induced neuropathology. In addition to assessment of neuronal Mn 2+ uptake, MEMRI can provide precise anatomical details. To this end, we applied a MEMRIbased NSG mouse brain atlas to assess brain morphology to reveal abnormalities associated with HIV-1 infection in an animal study. As we expected, we did not find changes in total brain and substructural volumes with altered MEMRI enhancement. This suggests that neuronal death is limited in infected animals. MEMRI successfully provided both insights into neuronal function and the measurements of brain anatomy.
The toxicity of Mn 2+ was minimized by a carefully designed MnCl 2 administration. We have used a fractionated administration scheme first proposed by Grunecker et al. [40] . In this scheme, MnCl 2 solution was injected daily through i.p. with a small dose for certain days (usually 4-8 days), 4 days for our study. Mice were observed daily after the injection, and we did not observe any Mn 2+ -induced toxic clinical signs and symptoms. In toto, we demonstrate that MEMRI can be developed as a biomarker of virus-associated neuropathology. With a thorough understanding of the relationships between MEMRI and neuropathology, monitoring the efficacy of brain therapeutics can be realized for prevention or reversal of virus-associated brain disease. Infected human macrophages carry HIV-1 (green) into the brain and release pro-inflammatory cytokines, chemokines, and viral proteins, which leads to activated glia (red) followed by neuronal excitation (blue) and injury (gray). 
